Abstract. β-elemene, the active component of elemene (1-methyl-1-vinyl-2,4-diisopropenyl-cyclohexane), is a naturally occurring compound isolated from the traditional Chinese medicinal herb Curcuma wenyujin. Studies have confirmed that β-elemene enhances the radiosensitivity of lung cancer cell lines such as A549, by multiple pathways; however, their underlying mechanisms and pathways are yet to be elucidated. In the present study, two-dimensional differential in-gel electrophoresis and matrix-assisted laser desorption/ionization time-of-flight tandem mass spectrometry were used to profile the different proteins in A549 cell xenograft models of both treatment groups. The protein/mRNA expression was assessed by reverse transcription-polymerase chain reaction and western blotting techniques in tumor samples from all treatment groups. As a critical player in redox regulation of cancer cells, inhibition of peroxiredoxin-1 (Prx-1) may be an effective option for enhancing the tumor response to radiation. We further verified Prx-1 expression at the transcription and translation levels. β-elemene at a dose of 45 mg/kg had little effect on the Prx-1 protein expression, which was correlated with a moderate antitumor effect. However, a 45 mg/kg dose of β-elemene significantly inhibited the Prx-1 mRNA expression, thereby suggesting a possible influence on the transcriptional process, and radiation significantly increased the Prx-1 mRNA/protein expression compared to the control group (p<0.01). Notably, Prx-1 mRNA/protein expression was significantly lower in the β-elemene/radiation co-treatment group compared to the baseline levels in the control group (p<0.01). These results suggest that radiation-induced Prx-1 expression is directly or indirectly suppressed by β-elemene, thus suggesting a new pathway by which to reverse radioresistance.
Introduction
Lung cancer is the most prevalent cancer found in both men and women and is the leading cause of cancer-related death worldwide (1) . Radiotherapy and chemotherapy have been the major options in the treatment of locally advanced lung cancer. Radiotherapy mainly aims at local tumor control, while chemotherapy reduces the risk of distant metastasis. Despite recent advances in radiotherapy (image guidance, adaptive treatment planning, hyperfractionation or hypofractionation, dose escalation), and the discoveries of novel chemotherapy and targeted agents, the prognosis for 5-year survival in patients with locally advanced lung cancer is still poor (~15-25%) (1) . One of the factors contributing to treatment failure is local recurrence, which is believed to stem from radiation resistance by cancer cells. Identifying agents that overcome radiation resistance is a promising strategy by which to enhance the effect of radiation. β-elemene is the active component of elemene (1-methyl-1-vinyl-2,4-diisopropenyl-cyclohexane), a naturally occurring compound that is isolated from the traditional Chinese medicinal herb Curcuma wenyujin. A number of studies have confirmed that this agent enhances the radiosensitivity of human cancer cell lines (2) (3) (4) , as well as rabbit VX2 carcinoma (5) . Some in vitro studies have attributed the enhanced radiation response to increased apoptosis and cell cycle arrest in the G2/M phase (2, 3, 6, 7) . Our previous studies found that β-elemene radiosensitized the lung cancer A549 cell line by enhancing DNA damage and inhibiting DNA repair (8) , as well as decreased radiation-induced expression of survivin and HIF-1α in an A549 cell xenograft model (9) . Thus it is clear that β-elemene enhances the response to radiation through multiple pathways; however, the underlying mechanisms remain to be elucidated and potential novel pathways are still to be unveiled.
It is well known that radiation increases the level of intracellular reactive oxygen species (ROS), mainly H 2 O 2 , and evokes a series of intracellular biochemical events including DNA mutation and DNA damage, which lead to cell cycle arrest and apoptosis (10, 11) . Upregulation of antioxidant capacity due to intrinsic oxidative stress in cancer cells was thought to confer radioresistance; therefore, targeted redox modulation has been suggested as a promising novel approach in cancer therapy (12) . Peroxiredoxin-1 (Prx-1) is a critical member among the Prx family, and is a major H 2 O 2 scavenger and signaling regulator. Phosphorylation of Prx-1 allows localized H 2 O 2 accumulation for cell signaling (13) . As a critical player in redox regulation in cancer cells, inhibition of Prx-1 may be an effective way to enhance tumor radioresponse. However, it has not been confirmed whether β-elemene inhibits Prx-1 for enhancing a radioresponse.
Currently, proteomics concerning comprehensive protein profile changes caused by multi-gene alterations is considered to be an effective tool for studying the mechanisms of disease, and for finding potential biomarkers and new therapeutic targets. The main objective of the present study was to discover new molecular targets with enhancement of radiosensitivity by β-elemene, in lung adenocarcinoma xenografts. This was achieved using two-dimensional differential in-gel electrophoresis (2D-DIGE) and matrix-assisted laser desorption/ionization time-of-flight tandem mass spectrometry. Reverse transcription-polymerase chain reaction (RT-PCR) and western blotting techniques were used to confirm the findings of the 2D-DIGE analysis. Our analysis revealed that β-elemene directly or indirectly inhibited Prx-1 expression to enhance tumor radiosensitivity.
Materials and methods
Chemicals and cell culture. β-elemene was purchased from Jingang Pharmaceutical Co. (Dalian, China). The human lung adenocarcinoma cell line A549 was purchased from the Cell Center of the Chinese Academy of Medical Sciences. Cells were grown in Rosewell Park Memorial Institute (RPMI)-1640 medium (Gibco-BRL/Invitrogen, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (TBD Bio, Tianjin, China) at 37˚C in a humidified atmosphere with 5% CO 2 .
Animals and tumor models. Female athymic BALB/c nu/nu mice aged 6-8 weeks were purchased from the Animal Experiment Center of Dalian Medical University and maintained under specific pathogen-free (SPF) conditions. The facilities and the protocol for these experiments were consistent with the regulations of animal use for biomedical experiments as issued by the Ministry of Science and Technology of China, and approved by the Animal Care Committee of Dalian Medical University. A549 cells were subcutaneously injected into the right hind leg (1x10 7 cells/animal). The tumor sizes were measured every two days using vernier calipers. At 4-5 weeks, tumor volumes reached the required size (0.8-1.0 cm 3 ). Tumor volumes were calculated using the following formula: (0.5 x largest diameter x smallest diameter 2 ) as previously reported (9) .
Xenograft treatment with radiation and/or β-elemene. For radiation treatment, the mice were placed in a specially designed polyvinylchloride box, and the right hind legs bearing the xenograft tumors were exposed out of the box. The mice were immobilized and tumors were positioned in the center of a 4x3 cm radiation field, with the rest of the body remaining outside of the radiation field. Radiation was delivered with 6 MeV electron beams from a linear accelerator (Varian) at a single dose of 5 Gy. For drug alone treatment, a single dose of 45 mg/kg of β-elemene was injected intraperitoneally. For drug and radiation combined treatment, radiation was delivered 1 h after β-elemene was injected. For the control group, 0.9% sodium chloride (NaCl) was injected intraperitoneally and the volume was the same as 45 mg/kg of β-elemene. The procedure was performed as previously reported (9) .
Sample preparation for electrophoresis. Nude mice with tumors of 0.8-1.0 cm 3 were divided into 2 groups (3 mice/group): radiation alone and combined treatment (β-elemene + radiation). The mice were sacrificed 24 h after treatment (9) and the tumors (three from each group) were excised and ground into powder in liquid nitrogen with a precooled mortar and pestle. Samples were then homogenized using a glass homogenizer on ice in 1 ml of lysis buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris-HCl and 2% (v/v) protease inhibitor (Roche Diagnostics, Mannheim, Germany). After sonication on ice for 10 sec using an ultrasonic processor, the samples were centrifuged for 30 min at 12,000 rpm to remove particulate materials. The supernatant was collected and the protein concentration was determined using a Protein Assay kit (Bio-Rad, Hercules, CA, USA). Proteins from six samples were stored at -80˚C for future use.
Two-dimensional differential in-gel electrophoresis and imaging.
The pH of the lysate was adjusted to 8.0-9.0 with 50 mM NaOH, and the concentration was adjusted to 5 mg/ml with lysis buffer. Equal amounts of proteins from the six samples were pooled together as the internal standard. According to the statistical principle, 50 µg of proteins taken from every group were labeled with 400 pmol of Cy3 or Cy5 respectively, whereas 50 µg of internal standards were labeled with 400 pmol of Cy2. Combined samples (150 µg) were then diluted with rehydration buffer and the total volume was made up to 450 µl. The combined samples were loaded on a pH gradient strip for isoelectric focusing (IEF) on an Ettan IPGphor system (Amersham Biosciences, Uppsala, Sweden): 500 V for 1 h; 1,000 V for 1 h; 8,000 V for 8 h; 500 V for 4 h. After IEF, the strips were equilibrated twice and transferred onto 12% vertical polyacrylamide gels cast in low fluorescence glass plates using a Hoefer SE600 system (GE Healthcare, Uppsala, Sweden). Electrophoresis was conducted until the bromophenol blue front reached the bottom of the gels. The gels were scanned on a Typhoon 9410 scanner (Amersham Biosciences) using excitation/emission wavelengths specific for Cy2 (488/520 nm), Cy3 (532/580 nm) and Cy5 (633/670 nm), respectively (Fig. 1) . Intragel spot detection and quantification, as well as intergel matching and quantification were performed using Differential In-gel Analysis (DIA) and Biological Variation Analysis (BVA) modules of DeCyder software version 6.5 (Amersham Biosciences). The gel with the highest spot count was assigned as the master gel. In DIA, the Cy2, Cy3 and Cy5 images for each gel were merged, spot boundaries were automatically detected and normalized spot volumes (protein abundance) were calculated. The resulting spot maps were exported to BVA. Gel-to-gel matching of the standard spot maps from each gel, followed by statistical analysis of protein abundance change between samples was performed in a BVA module. The standardized average spot volume ratios exceeding 1.2 were considered statistically significant (Student's t-test, p<0.05).
Protein digestion and mass spectrometry. For mass spectrometric analysis, three preparative gels loaded with 1 mg of protein were run under the same conditions and stained with Bio-Safe Colloidal Coomassie blue (Bio-Rad, San Francisco, CA, USA). Differentially expressed protein spots of interest were excised from both the DIGE analytic gels and preparative gels with the help of Ettan Spot Picker (GE Healthcare) and subjected to in-gel digestion with trypsin. Briefly, gel plugs were destained with 30% acetonitrile in 0.1 M ammonium carbonate (NH 4 HCO 3 ) for 20 min and vacuum dried. Then, digestion buffer (20 ng/ml trypsin in 20 mM NH 4 HCO 3 ) was added and the samples were digested at room temperature overnight. Peptides were extracted twice with a solution containing 50% acetonitrile (ACN) and 0.1% trifluoroacetic acid (TFA). The extracted peptides were removed, dried and re-suspended in 50% ACN and 0.1% TFA. Equal volumes of sample and a-HCCA matrix (5 mg/ml) were spotted and mixed on the MALDI-TOF target plate. Peptide mixtures were analyzed with a 4800 Plus MALDI TOF/TOF™ Analyzer (Applied Biosystems, USA) in a positive ion reflector mode. The obtained peptide mass fingerprint spectra were analyzed by searching the non-redundant protein database of the National Center for Biotechnology Information.
Sample preparation for reverse transcription-PCR and western blot analysis. Nude mice with tumors of 0.8-1.0 cm 3 were randomized to four groups (5 mice/group), that included a control group and three treatment groups: β-elemene alone, radiation alone and β-elemene combined with radiation. The mice were sacrificed and the tumors were excised and cut into small pieces.
Reverse transcription-PCR analysis. Total RNA from the tumor tissues was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The reverse transcription-PCR analysis was performed using a RT-PCR kit (Takara, Otsu, Japan). The specific primer sequences were as follows: Prx-1 (forward primer, 5'-ATGTC TTCAGGAAATGCTAAAAT-3' and reverse primer, 5'-TCAC TTCTGCTTGGAGAAATATTC-3'); and β-actin (forward primer, 5'-CAAGAGATGGCCACGGCTGCT-3' and reverse primer, 5'-TCCTTCTGCATCCTGTCGGCA-3'). The PCR protocol was as follows: initial denaturation at 94˚C for 2 min, followed by 35 cycles at 94˚C for 30 sec, annealing at 59˚C, and extension at 72˚C for 1 min. The final extension was performed by an incubation step at 72˚C for 7 min. The PCR products were subjected to electrophoresis on agarose gel and visualized with ethidium bromide. The bands were analyzed with Quantity One software (Bio-Rad).
Western blot analysis. The tumor pieces were mixed in RIPA buffer and homogenized with polytron. Protein concentrations from tumor lysates were determined by Bio-Rad assays. Equal amounts of proteins were separated on SDS-10% PAGE, transferred to polyvinylidene difluoride membrane, and probed with the indicated rabbit anti-Prx-1 polyclonal antibody (Lab Frontier, Korea) at a 1:1,000 dilution. This was followed by polyclonal goat anti-rabbit IgG antibody conjugated with horseradish peroxidase at a 1:2,000 dilution (Abcam, UK). The protein bands were detected by LabWorks software (UVP, Upland, CA, USA).
Statistical analysis.
Statistical analyses were performed with the two-tailed Student's t-test or analysis of variance (ANOVA) to compare the experimental groups. Differences were considered significant when p-values were ≤0.05. Results are expressed as mean ± SD as indicated. All calculations were performed using SPSS version 11.0 (SPSS, Inc., Chicago, IL, USA).
Results

Analysis of 2-DE images.
Results of the gel images were analyzed by DeCyder Differential Analysis software and a total number of 17 significantly differentiated spots were found between the radiation and the combined treatment group (Fig. 2) . Among the 17 spots, 8 spots represented proteins that were downregulated, whereas 9 spots were that of upregulated proteins in the combined group vs. radiation alone group. The confidence level and difference degree of 17 differentiated spots are shown in Table I . Table I . The confidence level and difference degree of the 17 differentiated protein spots (radiation/combined group). Analysis of the differentially expressed proteins by mass spectrometry. All 17 differentially expressed spots were selected for analysis by mass spectrometry. The peptide mass fingerprinting (PMF) of every protein was obtained by MALDI-TOF MS and the SWISS-PROT and the NCBI database search engine were used to identify these proteins (Table II) . There were 13 proteins of human origin and 4 proteins of mouse origin. Among the identified human proteins, No. 780 protein called Prx-1, a radiation-related protein, was found to be downregulated in the combined treatment group (Fig. 3) .
Differentiated protein spots (radiation/ combined group) -----------------------------------------------------------
Expression of Prx-1 mRNA in each group. Prx-1 mRNA expression levels were investigated by RT-PCR in tumor samples in the control, β-elemene and radiation alone, and combined treatment groups (Fig. 4A) . The levels of Prx-1 mRNA expression were compared and the results are shown in Fig. 4B . β-elemene alone at a dose of 45 mg/kg significantly inhibited the Prx-1 mRNA expression (2.12-fold lower) compared with the control group (p<0.01). However, radiation significantly increased the Prx-1 mRNA expression (1.36-fold higher) compared with the expression level in the control group .01) . Notably, Prx-1 mRNA expression was significantly decreased in the β-elemene/radiation co-treatment group (7.18-fold lower) compared with the basal expression in the control group (p<0.01).
Expression of Prx-1 protein in each group. Prx-1 protein expression levels were investigated by western blotting in tumor samples from the control, β-elemene and radiation alone and co-treatment groups (Fig. 5A) . The level of Prx-1 protein expression was compared between the groups and the results are shown in Fig. 5B . β-elemene alone at the dose of 45 mg/kg had little effect on the Prx-1 protein expression compared with control group. However, radiation significantly increased the Prx-1 protein expression (2.29-fold higher) compared with the expression level in the control group (p<0.01). Notably, Prx-1 protein expression was significantly decreased (3.33-fold lower) in the β-elemene/radiation co-treatment group compared with the basal expression in the control group (p<0.01).
Discussion
2D-PAGE has become one of the most widely used methods in proteomics as the separation of a large number of proteins is necessary in complex biological samples (14) . Compared to conventional 2D-PAGE, difference gel electrophoresis (DIGE)-based proteomics with fluorescence labeling has many advantages such as higher sensitivity, reproducibility and less technical variations due to a pooled control as internal standard (15) (16) (17) . In the present study, we used 2D-DIGE and MALDI-TOF/TOF tandem mass spectrometry to profile the different proteins between xenograft models of the radiation group and β-elemene + radiation group. Prx-1 is a unique protein that was differentially expressed in the two treatment groups and downregulated in the combination group. Prx-1 has been found to be elevated in numerous types of cancers, including lung cancer (18) (19) (20) (21) (22) . Several studies have demonstrated that Prx-1 is an independent prognostic factor and a novel plasma biomarker for lung cancer (23) (24) (25) . In addition to being a novel tumor marker, Prx-1 was also found to be induced by radiation in various types of cancer cells in vitro (26, 27) . Many cancer cells including lung cancer exhibited decreased growth and increased radiation response following suppression or knockdown of Prx-1 mRNA expression with RNA interference strategy (28) (29) (30) (31) . A549 cells also displayed increased radiosensitivity through enhanced intracellular reactive oxygen species (ROS) level following decreased Prx-1 protein expression with a targeted Prx-1 antibody (32). Our results acquired from 2D-DIGE and spectrometry revealed that β-elemene decreased the expression of Prx-1 to enhance the radioresponse in the A549 cell xenograft model.
We further tested the expression of Prx-1 in the radiation, β-elemene or combined treatment groups at the transcription and translation levels. Our results showed that radiation markedly induced the enhancement of Prx-1 expression, which was similar to the results of the studies mentioned above. As a major H 2 O 2 scavenger and signaling regulator, elevated Prx-1 expression in post-radiated cancer cells can effectively reduce H 2 O 2 levels induced by radiation, resulting in the enhanced survival of cancer cells.
In our previous study, we treated A549 cell xenografts with a 25, 45 or 100 mg/kg dose of β-elemene followed by radiation. The enhancement factor (EF) following a dose of 25, 45 or 100 mg/kg dose was 0.84, 1.24 and 2.04, respectively (9) . Since a drug is considered to exhibit a synergistic effect with radiation only at a dose level where EF is >1 (33) , this suggests that there was a synergistic effect when at least 45 mg/kg β-elemene was used with radiation therapy. This dose level was subsequently selected for later experiments including the present study. The 100 mg/kg dose level was not chosen in order to minimize the direct cytotoxic effect of β-elemene. In the present study, β-elemene alone at the dose of 45 mg/kg had little effect on the Prx-1 protein expression that was correlated with a moderate antitumor effect. However, the finding that the 45 mg/kg dose of β-elemene inhibited the Prx-1 mRNA expression suggests a possible influence at the level of transcription.
The finding that the increased radiation-induced Prx-1 mRNA/protein expression was significantly suppressed in the combination treatment group suggests that β-elemene directly or indirectly inhibited Prx-1 expression to enhance the radiosensitivity of the A549 cell xenograft model. Our previous study showed that β-elemene induced increased levels of ROS in A549 cells (34) . Here, we suggest that the increasing ROS levels may be related to the inhibition of Prx-1 expression by β-elemene. The mechanisms underlying the correlation between β-elemene and Prx-1 merit further investigation.
